The v-Myb protein binds to specific DNA sequences and can regulate gene expression. The DNA-binding domain of v-Myb contains the second and third of the three highly conserved tandem repeats found in c-Myb. In general, the ability of mutant forms of v-Myb to transform correlates with their ability to trans activate transcription. Two mutations within the DNA-binding domain of v-Myb which preserve DNA binding in vitro but fail to trans activate or transform have been described. These results suggested that this highly conserved domain might function in specific protein-protein interactions, as well as in DNA binding. We therefore tested the ability of a related protein domain from Drosophila melanogaster to substitute functionally for the homologous region of v-Myb. We found that either the second or third repeat of Drosophila Myb, but not both, could function in trans-activation and transformation by v-Myb. The hybrid containing both the second and third repeats of Drosophila Myb bound to DNA but failed to trans activate transcription either in the context of v-Myb or as a v-Myb-VP16 fusion protein. These results demonstrate that although the protein-DNA contacts made by the Myb repeats have been conserved during the evolution of animals, the protein-protein interactions have diverged.
The v-myb oncogene of the avian myeloblastosis virus causes monoblastic leukemia in chickens and transforms myelomonocytic cells in culture (33) . The protein it encodes can also cooperate with basic fibroblast growth factor to promote the growth of chicken neuroretinal cells in culture (10). The v-Myb protein is nuclear, binds to specific DNA sequences, and can regulate the expression of various reporter genes (1, 2, 26) . v-Myb is a 48-kDa doubly truncated form of the normal 75-kDa c-Myb protein (11, 40) . One or both of these truncations appear to be required for oncogenic activation of c-Myb (6, 13, 15) . v-Myb has an N-terminal DNA-binding domain, a centrally located hydrophilic transcriptional activation domain, and an additional C-terminal domain that is required for transformation and for transcriptional activation in animal cells but not in Saccharomyces cerevisiae (5, 17, 19, 22, 25, 43, 51) .
The amino terminus of v-Myb contains two of the three tandem repeats of approximately 50 amino acids that are present within the DNA-binding domain of c-Myb (14) . The Myb repeats have no clear homology to other known DNAbinding motifs, although similarities to the helix-turn-helix structure of the homeodomain proteins and the basic region of the bZIP proteins have been proposed (3, 8, 36) . These Myb repeats have been highly conserved during evolution, and Myb-related DNA-binding domains with 65% amino acid identity to vertebrate c-Myb have been identified in the invertebrate Drosophila melanogaster and the cellular slime mold Dictyostelium discoideum (23, 47) . Both the Drosophila and Dictyostelium Myb proteins can bind to DNA sequences recognized by v-Myb (38, 47) . More distantly related Myb DNA-binding domains have also been identified in green plants, including Zea mays (45% identity) and the budding yeast S. cerevisiae (30% identity) (37, 50) .
Studies of mutant forms of v-Myb have implied that trans-* Corresponding author. formation of myelomonocytic cells correlates with the ability to trans activate transcription (28) . Two mutant forms of v-Myb with altered N-terminal repeats failed to trans activate or transform while retaining wild-type levels of DNA binding in vitro (16, 28 (45) . Bacterial protein expression. Bacterial expression plasmids were transferred into the BL21 (DE3) (LysS) host strain, kindly provided by F. W. Studier (Brookhaven National Laboratory, Upton, N.Y.). Bacteria were grown in M9-ZB supplemented with ampicillin (50 jig/ml) and chloramphenicol (30 pLg/ml) at 30°C (49) . When the optical density at 600 nm reached 0.4 to 0.7, isopropyl-13-D-thiogalactopyranoside (0.5 mM) was added and the incubation was continued for another 5 h at 37°C. Bacteria were pelleted by centrifugation, and lysates were prepared by freezing-thawing in buffer containing 6 M urea as previously described (9) . Protein expression was monitored by SDS-PAGE followed either by staining with Coomassie blue or by immunoblotting as described above.
DNA-binding assays. Electrophoretic mobility shift assays were performed as previously described, by using bacterial extracts and a radiolabelled mim-1 A site oligonucleotide probe (9, 35) . Free and produced similar steady-state levels of the predicted Myb proteins.
The transfected G418-resistant 0T6 cells were also used in cocultivations to infect primary yolk sac cells isolated from 12-day chicken embryos. This tissue is particularly rich in immature myclomonocytic precursor cells. Uninfected control yolk sac cells differentiated into mature macrophages during the first 2 weeks of culture. However, infection with the virus encoding v-Myb caused proliferation of large numbers of small, round, highly refractile cells (Fig. 3A) . Similar proliferation was observed with the viruses encoding hybrid proteins with either the second or third Drosophila Myb repeat. However, no prolifcration was observed with the virus encoding the hybrid protein with both the second and third Drosophila Myb repeats.
The cells transformed by the hybrid proteins containing either the second or third Drosophila Myb repeat were indistinguishable from v-Myb-transformed monoblasts following cytocentrifugation and staining (Fig. 3A) . Treatment of all threc typcs of transformed cells with tetradecanoyl phorbol acetate (TPA) resulted in their differentiation into macrophage-like cells (Fig. 3B) , suggesting that each of these Myb proteins transformed cells committed to the monocyte-macrophage lineage. This conclusion was further supported by fluorescence-activated cell sorter analysis with the Mo-I monoclonal antibody, which detects an antigen expressed at high levels on the surface of v-Myb-transformed monoblasts (31 (Fig. 4) . To Fig. 3A were analyzed by SDS-PAGE and immunoblotting with anti-Myb monoclonal antibodies. In addition, v-Myb protein produced in bacteria (see Fig. 6 ) was loaded in the far right lane. The lines to the right represent molecular size standards, as described in the legend to Fig. 2 Myb resulted in transformation, we tested the ability of these proteins to trans activate gene expression. We used the KHK-EB-CAT reporter gene, which contains an array of nine consensus v-Myb-binding sites that were originally identified in a screen of chicken genomic DNA fragments (1, 16) . These binding sites lie just upstream of a simple TATA box from the adenovirus ElB promoter and the chloramphenicol acetyl transferase gene. This promoter has a very low basal activity and can be readily induced by transiently transfected DNA that expresses the v-Myb protein used in these studies ( Table 2) . Both of the transforming hybrids which contained either the second or third Drosophila Myb repeat were also able to activate this reporter gene significantly. However, the nontransforming hybrid which contained both the second and third Drosophila Myb repeats was a much weaker activator.
To determine whether this differential trans activation is intrinsic to the DNA-binding domains themselves or whether it represents a differential interaction with the more C-terminal transcriptional activation domain of v-Myb, we expressed each of these hybrid DNA-binding domains as a fusion protein containing the strong constitutive transcriptional activation domain of the VP16 protein of herpes simplex virus. The VP16 activation domain has been shown to function in animal, plant, and yeast cells whenever it is tethered adjacent to a TATA box (39) . The VP16 fusion proteins containing hybrid Drosophila Myb-v-Myb DNA-binding domains behaved in a similar fashion to that of the hybrid v-Myb proteins themselves ( Table 2 ). The v-Myb-VP16 fusion and those proteins containing either the second or third Drosophila Myb repeat trans activated strongly, whereas the protein containing both the second and third Drosophila Myb repeats did not. These data demonstrated that the ability of the hybrid Myb proteins to transform myelomonocytic cells correlated well with their ability to trans activate the expression of a model reporter gene. Furthermore, these hybrid DNA-binding domains behaved in a similar fashion in Myb-VP16 fusion proteins, suggesting that their differential function in transcriptional trans activation is an intrinsic property of the DNA-binding domains themselves.
DNA binding by Drosophila Myb-v-Myb hybrid proteins. To assay intrinsic DNA binding in the absence of other animal cell proteins, the hybrid proteins were expressed in Escherichia coli with the T7 system (9, 49) . All of the proteins were produced at similarly high levels, as determined by SDS-PAGE and immunoblotting (Fig. 5A) . Their relative mobilities were similar and were indistinguishable from those of the Myb proteins present in transformed yolk sac cells (Fig. 4) expressed proteins were subjected to electrophoretic mobility shift assays using the strong mim-J A type Myb-binding site as a probe (Fig. 5B) (50) . In addition, the Myb-related C1 protein of Zea mays requires the presence of either the B or R helix-loop-helix protein to activate the Bzl promoter strongly (12, 41) . Furthermore, it has recently been shown that both the Gag-Myb-Ets protein encoded by the E26 virus and c-Myb require the C/EBP-related NF-M protein to activate the mim-1 promoter strongly (34) . In all of these cases, the partner proteins are bound to adjacent sites within the promoter and no conclusive evidence for direct protein-protein interactions has been provided. In our studies, we used a simple reporter gene which appears to consist of only Myb-binding sites and a TATA box. Therefore, we believe that the mutations that affect transcriptional activation but not DNA binding in vitro are likely to alter the binding of adapter proteins that permit v-Myb to interact with the basal transcriptional machinery. These mutations could either directly alter binding to the adapter, or prevent a posttranslational modification of v-Myb that is essential for this binding. An alternative explanation is that efficient DNA binding in vivo requires an additional protein that is not essential for our in vitro DNA-binding assays. Such a facilitator protein has recently been described for a mammalian homeodomain protein (32) . However, if such a protein exists for v-Myb it must be quite small or act transiently, because protein-DNA complexes formed by nuclear extracts containing v-Myb appear to comigrate with bacterially expressed v-Myb in nondenaturing gels (6, 24) .
The results presented here should provide a useful framework for elucidating the precise amino acids required for the complex role of the Myb repeats in transcriptional activation and leukemic transformation. The partial first repeat and complete second repeat of v-Myb are 68% identical to the homologous region of Drosophila Myb (Fig. 6) . The third repeat of v-Myb is 80% identical to the third repeat of Drosophila Myb. Nevertheless, these small numbers of evolutionarily selected amino acid substitutions which do not affect DNA binding are sufficient for differential function in animal cells. 
